The structural and electrical properties of 0.75BiFeO 3 0.25BaTiO 3 (BF25BT) ceramics, with and without heat treatment, were investigated. The polished and cut BF25BT ceramics were thermally annealed at 800°C for 20 h and then quenched in water at room temperature (heat-treated ceramics). The PE hysteresis loop and SE curve were significantly improved after the heat treatment process. Meanwhile, the leakage current density at an electric field of 50 kV/cm was reduced from 4.847 © 10 ¹7 (as-sintered ceramics) to 3.213 © 10 ¹8 A/cm 2 (heattreated ceramics). The heat-treated ceramics was poled at 120°C with applying a DC-bias field of 50 kV/cm, and the maximum phase angle was ¹39°, which was evaluated from the analysis of frequency-dependence of impedance and phase angle. Because of the small maximum phase angle obtained by poling under DC-bias field alone, the poling process was modified; that is, an AC-bias field was applied prior to the DC-bias field poling. The ceramics poled with the modified poling procedure exhibited the maximum phase angle of 63°. The appreciable increase of the maximum phase angle suggested the higher degree of domain alignment than that of its counterpart, and the effect was explained in terms of improved domain switching. The piezoelectric constant d 33 was increased twice with adopting the modified poling process, which signifies that poling with both AC-and DC-bias field is highly effective in the lead-free Bi-based systems.
Introduction
Lead-based piezoelectric ceramics, such as Pb(Zr,Ti)O 3 and its modified compositions, have been widely used in the sensor devices and electromechanical actuators owing to their high piezoelectric properties at the morphotropic phase boundary (MPB). 1),2) Nevertheless, lead-based ceramics could bring serious environmental problems.
3)5)
Environmental concerns have demanded the use of nonhazardous materials in device manufacturing by replacing the materials containing lead. Therefore, the substantial endeavor has been devoted to the development of leadfree piezoelectric ceramics as the alternatives to leadbased materials. Various lead-free piezoelectric ceramics have been studied with BaTiO 3 (BT)-, 6 ),7) (Bi 0.5 Na 0.5 )-TiO 3 (BNT)-, 8) (K,Na)NbO 3 (KNN)-, 9) and BiFeO 3 (BFO) 10 ), 11) -based solid solutions. The piezoelectric constant d 33 reported so far is 620 pC/N for BT-based, 12) 168 pC/N for BNT-based, 8) and 210 pC/N for KNN-based ceramics.
9) The BFO-based ceramics, exhibiting high Curie temperatures, have exhibited the d 33 of 324 and 402 pC/N. 10) However, the drawbacks such as; low Curie temperature for BT-based, depolarization temperature for BNT-based, and hygroscopic nature of Na for KNN-based ceramics are an obstacle to use in real applications. 9), 13) Among the various lead-free piezoelectric ceramics, the BFO-based materials have attracted appreciable attention as promising alternatives due to their high piezoelectric properties along with high Curie temperature. 10) Poling is an important process to induce piezoelectricity in ceramic materials. Optimization of poling conditions have been proven to play an important role in piezoelectricity enhancement for both the lead-free and leadbased piezoelectric ceramics.
14)16) Hence, the effect of various poling conditions on piezoelectric properties has been studied. For example, the d 33 of 0.93(K 0.5 Na 0.5 )-NbO 3 0.07LiNbO 3 was enhanced by selecting optimum poling temperature that is located near the orthorhombictetragonal phase transition temperature of the system. 17) In addition, a high d 33 was obtained in the 0.5Ba(Zr 0.2 Ti 0.8 )-O 3 0.5(Ba 0.7 Ca 0.3 )TiO 3 ceramics with optimizing the poling electric field at an appropriate temperature. 18) In most of the investigations, poling is usually reported under the direct current (DC) bias field for perfect alignment of domains and/or effective switching realization.
The maximum phase angle of almost 90°(perfectly poled) was reported for the BT ceramics, 19) which are ferroelectrically soft materials with a low coercive field and low charged defect concentration. The effective domain switching by DC-bias field poling, however, is difficult to achieve in the Bi-based materials, because of their high leakage current density and/or defect dipoles. Therefore, both the leakage current density and defect dipoles should be decreased when the Bi-based materials are subjected to the poling process. Recently, it has been reported that the leakage current density of BiFeO 3 BaTiO 3 (BFBT) ceramics is decreased by a heat treatment process. 20) On the other hand, domain-wall-pinning can be relaxed with alternating current (AC) bias field cycling. 21) In this study, the BFBT ceramics were prepared and were heat-treated in order to reduce the leakage current density and their electrical properties such as ferroelectric and leakage current properties were investigated. Moreover, the ceramics were poled under the AC-and DC-bias field and their effects on piezoelectric properties were studied.
Experimental procedure
0.75BiFeO 3 0.25BaTiO 3 (BF25BT) lead-free ceramics were fabricated by a conventional solid-state reaction method using BiFeO 3 (BF, Nippon Chemical Industrial) and BaTiO 3 (BT, Sakai Chemical Industry Co. Ltd.) powders. The raw powders were mixed by ball-milling for 24 h with zirconia balls in ethanol. The resultant slurry was dried at 80°C. Agglomerate was crushed, and then the powder was calcined at 800°C for 6 h. The powders were again ball-milled for 24 h and dried again. In order to prepare green pellets, the polyvinyl butyral binder was added to the dried powders, which was hand-milled and sieved to get a uniform particle size. Disc-type green pellets were fabricated by uniaxial pressing. After binder removal at 700°C for 10 h, BF25BT ceramics were sintered at 990°C for 4 h in air. Both the top and bottom surfaces of the sintered ceramics were polished and then cut for evaluation of electrical properties [4 mm (length), 1.5 mm (width), and 0.4 mm (thickness)], and piezoelectric properties [0.5 mm (length), 0.5 mm (width), and 2 mm (thickness)]. For mechanical stress relaxation and domain-wall-depinning, the samples were annealed at 800°C for 20 h and then quenched in water. 22 ), 23) The crystal structure was investigated by X-ray diffraction (XRD) using Cu K ¡ radiation (Ultima IV, Rigaku). The polished surfaces of the samples (as-sintered and heattreated) with both geometrical dimensions were coated with Au electrodes by ion sputtering prior to the evaluation of electrical properties and the effect of AC-and DC-bias field poling. The ferroelectric and piezoelectric properties were evaluated by polarization-electric field (PE) hysteresis loops and strain-electric field (SE) curves using the ferroelectric and strain measuring system (JP005-SE, Kitamoto Denshi) and the linear variable differential transformer (LVDT, P2004, Mahr), which was measured with AC-bias of 0.1 Hz at room temperature. The samples were poled under the AC-and/or DC-bias field, and the piezoelectric properties were evaluated by the resonanceantiresonance method. The leakage current density was measured using a resistivity measurement system [FCE-3 (Toyo Corporation) and AC/DC generator]. Figure 1 shows the XRD patterns of the as-sintered and heat-treated BF25BT ceramics. The XRD patterns for both ceramics exhibited ABO 3 -type perovskite structure without impurity phases. All diffraction peaks were observed with single peak shape, which can be seen for the centrosymmetric cubic structure. Recently, using a high-energy synchrotron XRD patterns, the crystal structure of BF25BT ceramics was suggested to have a rhombohedral structure, which was confirmed by separated ©111ª peaks.
Results and discussion

11)
The PE hysteresis loops and SE curves of the BF25BT ceramics with and without the heat treatment are shown in Fig. 2 . The remanent polarization (P r ) and coercive field (E c ) are 26.65¯C/cm 2 and 21.67 kV/cm for the as-sintered BF25BT ceramics, respectively. On the other hand, the P r and E c of the BF25BT ceramics with the heat treatment enhanced to 33.53¯C/cm 2 and 24.95 kV/cm, respectively. It is worthy to note that both ferroelectric and piezoelectric properties were dramatically enhanced with the heat treatment process. The shape of the PE hysteresis loop and SE curve improved to square and butterfly shape as shown in Figs. 2(a) and 2(b) , which meant that domain switching became easier after the heat treatment. This behavior might be related to mechanical stress and domain-wall-pinning by defect dipoles. Recently, it was confirmed that electrical properties could be enhanced by removing mechanical stress and domain-wall-pinning with the heat treatment process in BT and BFBT ceramics.
20),22)
The leakage current density of the as-sintered and heattreated ceramics is shown in Fig. 3 . The leakage current density, for the as-sintered and heat-treated ceramics, exhibited at an electric field of 50 kV/cm was 4.847 © 10 ¹7 and 3.213 © 10 ¹8 A/cm 2 , respectively. The leakage current density was drastically decreased by the heattreatment process, which was related to a change in defect structure. The defect structure uniformly distributed at the high temperature was retained at the room temperature by the quenching process. 20) , 23) The observed decrement of leakage current density indicated the possibility of effective poling of the heat-treated BF25BT system because poling is usually reported to be difficult in the lead-free Bibased ceramics that possess high leakage current density.
To investigate the d 33 , the ceramics with heat treatment were poled for 1 h under the DC-bias field of 50 kV/cm at 120°C in a silicone oil bath. The frequency-dependence of the phase angle and impedance were measured for the calculation of d 33 by the resonance-antiresonance method. Figures 4(a) shows the frequency-dependence of phase angle and impedance for the heat-treated BF25BT ceramic, which was poled under the DC-bias field of 50 kV/cm. The maximum value of phase angle obtained in the DCbias field poled samples was ¹39°, which meant that domain switching and alignment during the DC-bias field poling was less effective. The low value of phase angle obtained by the partial alignment of domains owing to the difficult domain switching might be related to the defect dipoles located around the domain wall that obstructed the domain switching and/or domain wall motion.
24) The domain-wall-pinning originated from the defect dipoles could be relaxed by AC-bias field cycling, 21) which was confirmed by the transformation of pinched PE hysteresis loop to square-shaped typical ferroelectric PE hysteresis loop by AC-bias field cycling. Therefore, the AC-bias field cycling could be associated with the effective domain switching during the poling.
Because of the less effectiveness of poling under DCbias field alone, the poling process consequently was modified. The AC-bias field was applied to the ceramics before applying the DC-bias field. The BF25BT ceramics after the heat treatment was poled at room temperature under the AC-bias field amplitude of 50 kV/cm at 0.1 Hz. After 4 cycles of AC-bias field loading at room temper- ature, the ceramic was poled for 1 h by DC-bias field of 50 kV/cm at 120°C. The maximum value of phase angle was 63°with the modified poling as shown in Fig. 4(b) . However, the phase angle of 90°could not be attained with AC+DC-bias field poling. It might be related to the electric field applied during the poling treatment. The electric field of 50 kV/cm was not sufficient enough for a complete alignment of domains along the direction of applied electric field. Nevertheless, the phase angle in the sample poled by the AC+DC-bias field was dramatically enhanced compared to that of DC-bias field poled sample, which meant that domain switching was more effective resulting in a drastic improvement of the domain alignment along the direction of the applied electric field in the AC+DC-bias field poled sample.
Moreover, the value of d 33 was enhanced from 69.39 (DC-bias field poling) to 139.43 (AC+DC-bias field poling) pC/N. In order to confirm the validity of AC-bias field application prior to the DC-bias field poling (AC+DC-bias field poling), poling with DC+DC-bias field was also conducted, where DC-bias field was applied at room temperature (in the same way as AC-bias field was applied in the AC+DC-bias field poling), prior to the DC-bias field poling for 1 h at 120°C. The frequency dependence of impedance and phase angle did not differ much from those after only DC-bias field poling as shown in Figs. 4(a) and 4(c) . Therefore, the AC+DC-bias field poling was significantly effective on enhancing the piezoelectric properties in lead-free piezoelectric ceramics.
Conclusions
In this work, the as-sintered and heat-treated BF25BT lead-free ceramics were fabricated and their crystal structures were investigated by X-ray diffraction. The PE hysteresis and SE curve were distinctly different prior to and after the heat-treatment. The P r was enhanced from 26.65¯C/cm 2 (as-sintered samples) to 33.53¯C/cm 2 after the heat treatment process. Moreover, the leakage current density was dramatically reduced with the heat treatment process.
The fabricated BF25BT ceramics with the heat treatment was poled under the DC-bias field. The low phase angle was obtained in the DC-bias field poled sample. The maximum phase angle of the poled ceramics was dramatically enhanced by modifying the poling procedure by employing both AC-and DC-bias field during the poling. Meanwhile, the d 33 value was also appreciably improved with the modified poling. Therefore, the modified poling process was found to be effective for lead-free Bi-based materials that are difficult to pole under the DC-bias field.
